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Spin-orbit state-selected reactions of K r+ ( 2P j ), J =  3/2 and J =  1/2, with isotopic molecular 
hydrogen (H 2, D2, and HD) to form KrH+ and KrD+ are investigated using guided ion beam 
techniques. Reaction cross sections for each spin-orbit state are measured as a function of the 
relative translational energy of the reactants from near thermal energies up to 20 eV c.m. At 
low energies, the cross sections for reaction with H2 and D2 are each about 2.6 times larger for 
the 2P3/2 ground spin-orbit state of krypton ion than for the 2Pll2 excited state. For the HD 
reaction, the 2P3/2 reactivity is enhanced by a factor of about 4.2. A  higher-energy process, 
which exhibits an apparent activation energy of about 1 eV, is present only for the ^3/2 spin- 
orbit state. The K r+ (1Pi/2) spin-orbit state exhibits a strong intermolecular isotope effect, 
showing the unusual dependence cr(HD) > er(H2) > <j(D2) for the total reaction cross sections 
at low energies. Cross sections for the K r+ ( 2/’]/2) state show a much smaller dependence on 
the hydrogen isotope. The intramolecular isotope effect for the individual K rH+ and KrD+ 
channels in the reaction with HD shows several reversals over the energy range studied. These 
results are discussed in terms of the potential energy surfaces of the krypton-hydrogen system.
INTRODUCTION
Considerations of electronic structure are basic to the 
understanding of chemical reactivity. Whether approached 
from a simple molecular orbital viewpoint or by high-level 
ab initio calculations of potential energy hypersurfaces, de­
termining the evolution of the electronic interactions along 
the reaction path is essential to the prediction and explana­
tion of reaction kinetics and dynamics. Much progress has 
been made in understanding these effects in chemical reac­
tions, including the role of multiple electronic potential ener­
gy surfaces.1
Spin-orbit coupling, a more subtle aspect of electronic 
structure, is often neglected in such considerations. How­
ever, a growing body of experimental investigation into the 
effects of the spin-orbit state of reactant atoms on chemical 
reactivity shows that spin-orbit effects can be quite pro­
nounced. Investigations in the last decade have shown sub­
stantial differences in reactivity for the spin-orbit states of 
halogen atoms (2P3/2 and 2P I/2) 2~H Investigations ofSn(3P0 
and 3Pt )9 and H g(3P0 and 3P2) 10 have shown that the higher 
spin-orbit levels of these metal atoms tend to be significantly 
more reactive. The reactions of metastable 3Pj  excited states 
of Ar, Kr, and Xe with small halogen containing molecules 
have been studied.11 Dagdigian and co-workers12 have re­
cently used an optical pumping method to study selected 
spin-orbit states of Ca( 3Pj ,J =  0,1,2) reacting with Cl2, Br2, 
and alkyl halides. They observe a substantial spin-orbit state 
dependence for the chemiluminescent reaction channels 
(formation of A CaX and B  CaX, X =  Cl or Br), with the 
higher spin-orbit levels generally showing greater reactivity. 
The ground state product channel, however, exhibits an in­
verse spin-orbit effect for reaction with Cl2.12
In the field of ion-molecule chemistry, a number of re-
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actions of spin-orbit state-selected rare gas ions have been 
studied. The charge transfer reactions of Xe+ ( 2P j ) with Xe 
and 0 213 and of A r+ ( 2P j ) with N214-17 and CO16 have been 
examined. Photoionization measurements by Chupka18 and 
threshold-electron secondary-ion coincidence studies by 
Koyano and co-workers19 have shown that the 2P 1/2(0.17 
eV )20 excited spin-orbit level of A r+ reacts 30% to 50% 
faster with H2 than does the 2P3/2 (0.0 eV) ground state. Ion 
cyclotron resonance,21 selected ion flow tube,22 and drift 
tube23 techniques have been used to study thermal reaction 
rates of spin-orbit state-selected K r+ ( 2P j ) and Xe+ ( 2P j ) 
with a number of small molecules. In contrast to the 
A r+ +  H2 result, these studies show that exothermic reac­
tions of the ground 2P3/2 spin-orbit levels of K r+ and Xe+ 
react at least as fast and in many cases much faster than the 
excited 2P l/2 spin-orbit levels. This inverse spin-orbit effect 
occurs despite the substantially higher energy of the upper 
state (0.67 eV for K r+ and 1.31 eV for Xe+ ).20
This work presents measurements of spin-orbit state- 
selected cross sections for the reactions of krypton (1 +  ) 
ions with isotopic molecular hydrogen:
K r+ ( 2i j ) +  H2—►KrH+ +  H , (1)
K r+ (2i5J) +  D2—►KrD+ +  D , (2)
K r+ ( 2P j ) +  HD-*KrH+ +  D (3a)
—*-KrD+ +  H . (3b)
Guided ion beam techniques are used to study the reactions 
from near thermal energies to relative collision energies of 20 
eV c.m. Reaction (1) has an exothermicity of 
AH°0 =  — 0.29 +  0.06 eV for the 2P3/2 ground spin-orbit 
state of krypton ions and AH°0 =  — 0.96 +  0.06 eV for the 
2P\ 12 excited spin-orbit state.24 This large difference in ener­
getics alone suggests that spin-orbit effects could be impor­
tant in reactions (1) through (3). In a recent article,25 we 
investigated the analogous reactions of argon (1 +  ) ions us­
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ing guided beam techniques. Spin-orbit state selection was 
not attempted in the argon studies because the relatively 
small spin-orbit splitting in A r+ (0.17 eV) makes it experi­
mentally difficult to state-select reactants. The larger split­
ting in K r+ (0.67 eV) enables the straightforward use of 
state-specific ion-molecule reactions21,22 to produce ion 
beams of a particular Kr + (2P j ) spin-orbit state.
Previous measurements of spin-orbit state-specific rates 
of reaction (1) at thermal energies have shown that the 2P3/2 
ground state reacts significantly faster than 2P i/2 excited 
state.21,22,26 Table I lists measured rate constants for individ­
ual spin-orbit states. Chupka26 observed in photoionization 
experiments that the ratio of rates k ( 2P3/2) / k ( 2P 1/2) is 
~2.5 for reaction (1). In rate constant measurements, Fu- 
trell and co-workers21 obtained a value of 1.6 and Adams, 
Smith, and Alge (A S A )22 obtained ~  1.9. For reactions (2) 
and (3), ASA found larger spin-orbit effects ( see Table I ). It 
is somewhat surprising that the upper spin-orbit state reacts 
less efficiently at thermal energies despite the larger exother- 
micity for forming KrH + +  H products. This result is oppo­
site to the spin-orbit state dependence of reactions of 
A r+ ( 2P j ) with H2 and D2.19,27
Other previous experimental investigations of reactions 
(1), (2), and (3) have used a statistical mixture of krypton 
ion spin-orbit states, i.e., 2P3/2:2Pin ~2:l.  These studies find 
that the observed rate for reaction (1) is only 10%-16% of 
the collision rate predicted by the Langevin-Gioumousis- 
Stevenson (LGS) model28 for charge-induced dipole inter­
actions ( see Table I ). This means that despite the exothermi- 
city of the reaction, the probability of reaction per collision is 
rather small. This contrasts with the A r+ +  H2 reaction,
which is more exothermic, AH  °0 =  — 1.5 eV, and has a rate 
about two-thirds of the LGS collision rate at thermal ener-
• 25gies.
The intermolecular isotope effect at thermal energies 
differs substantially for the argon and krypton systems. Ob­
servations25 for A r+ in good accord with the LGS collision 
model, which predicts that &(H2) > &(HD) > A:(D2) due to 
mass effects. In the K r+ system, however, Bowers and co­
workers29 find an unusual intermolecular kinetic isotope ef­
fect in the rate constants from 100 to 400 K, namely 
&(HD) > /c(H2) > &(D2). This result has been reproduced 
qualitatively by Adams, Smith, and Alge22 (Table I).
Hierl and co-workers30 measured the reaction cross sec­
tions at hyperthermal energies, from 0.036 to 3 eV for reac­
tion (1) and from 0.08 to 3.1 eV for reaction (3). The total 
reaction cross sections have approximately thei? - 1/2 energy 
dependence predicted by the LGS collision cross section at 
the lower energies, but with only 10% to 20% of its magni­
tude.30 The angular and velocity distributions of products 
for reaction with H2,30 D2,31 and HD30 show that the reac­
tive scattering at low energies is isotropic about the center- 
of-mass velocity of the system. This was interpreted30 as in­
dicating a mechanism in which low impact parameter colli­
sions give hard sphere-like scattering of the ionic product 
and substantial momentum transfer to the neutral product. 
A  preference for low impact parameter collisions is also con­
sistent with the low reaction rate. At larger energies (2-3 
eV), the ionic products are more forward scattered, indica­
tive of a more direct, impulsive reaction mechanism, but 
there is still substantial wide-angle scattering.
The intramolecular isotope effect for reactions ( 3a) and
TABLE I. Thermal reaction rate constants.*
Reactant K r+ (2Pj )b K r + (2P,n ) K r+(2/>1/2) k (2Pil2) /k (2Pt/2) Reference
h 2 2.3 ±  0.6 2.8 ±  0.7 1.1 ±0.3 2.6 this work
2.4 ±  0.7C 2.8 ±  0.6 1.5 ±0.3 1.9 22
1.8 ±0.2 29
1.7 ±0.2 1.9 ±  0.2 1.2 ±0.4 1.6 21
2.0 ±  0.7d 49
1.5 ±0.3 52
2.5 26
15.0 15.0 15.0 LGS'
d 2 1.4 ±0.4 1.7 ±0.5 0.67 ±  0.2 2.6 this work
2.2 ±  0.4C 2.8 ±  0.6 0.89 ±  0.2 3.1 22
0.9 ±  0.2 29
1.3 ±  0.2 21
1.5 ±0.5“ 49
10.7 10.7 10.7 LGS'
HDf 3.2+ 0.7 4.3 ±  1 1.0 ±0.3 4.2 this work
5.1 ±  r 7.3 ±  1.5 0.78 ±  0.2 9.4 22
2.8 ±  0.3 29
12.3 12.3 12.3 LGSe
•A ll rates at 300 K in units of 10“ 10 cm3 s“ relative uncertainties cited by the original authors have been 
converted to absolute error limits.
” Statistical population of spin-orbit states <2P3/2 ■ 2P l/2~ 2  : 1).
‘ Weighted average of results for 2P1/2 and 2P l/2. 
d Approximately 90% 2P3/2.
' Langevin-Gioumousis-Stevenson collision rate (Ref. 28). 
fSum of K rH + and K rD + channels.
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(3b) at hyperthermal energies also exhibits quite unusual 
behavior. Hierl and co-workers30 observed that the product 
branching ratio varied from 50% KrH+ at their lowest ion 
energy ( ~  0.08 eV c.m.) to a maximum of about 70% KrH+ 
at 0.7 eV c.m. and back down to 20% KrH+ at 3 eV c.m. The 
HD intramolecular isotope effect was explained using an 
orientational model for low-energy reactions32 and a collin­
ear reaction model at the higher energies.30
A  high energy feature in the cross sections of K r+ with 
H2, D2, and HD was observed in work reported by Klein.33 
Contrary to the typical behavior for exothermic ion-mole­
cule reactions of a monotonic decline with increasing trans­
lational energy, the cross sections increase after an initial 
decline and peak at higher energies. This is suggestive of a 
second reaction mechanism or reaction channel with an acti­
vation barrier.
The spin-orbit effects and unusual inter- and intramole­
cular isotope effects observed in these previous studies indi­
cate that the K r+ +  H2 reaction system is quite complex. 
Unfortunately, an overall understanding of the underlying 
reaction dynamics has not emerged. This investigation was 
initiated in hopes that a comprehensive study of both spin- 
orbit effects and isotope effects over a wide translational en­
ergy range would lead towards such an understanding. The 
results are discussed in terms of adiabatic and nonadiabatic 
couplings between low-lying electronic potential energy sur­
faces of the system.
EXPERIMENTAL METHODS
Guided ion beam methods are used to measure the inte­
gral cross sections of reactions ( l ) , (2 ), (3 a ),  and ( 3b) from 
thermal energies up to ion energies of several hundred elec­
tron volts. The guided ion beam apparatus and data reduc­
tion procedures were described in detail in conjunction with 
our investigation of the A r+ +  H2 reaction.25 A  brief outline 
of the experimental technique is included here along with a 
description of the method of producing spin-orbit state-se­
lected beams of K r+ ( 2P j ) ions.
Guided ion beam apparatus
The guided ion beam apparatus is a significantly im­
proved version of conventional ion beam/gas cell instru­
ments used to measure total reaction cross sections. Ions are 
extracted from the ion source, described below, focused into 
a beam, and mass analyzed in a magnetic sector to select the 
desired species. The ions are then refocused and injected at 
the desired ion kinetic energy into a radio-frequency octo­
pole ion beam guide. The octopole, which passes through the 
gas collision cell, creates a radial potential well along the axis 
of the ion beam which traps ions in radial directions but does 
not affect their axial velocities. This trapping field serves to 
collect product ions scattered in all directions with near 
100% efficiency. This greatly improves the sensitivity com­
pared to conventional beam/gas cell instruments and avoids 
artifacts due to different collection efficiencies for product 
ions scattered in different directions. The octopole also al­
lows operation of the ion beam at very low energies ( down to 
0.1 eV lab), where the beam would become dispersed with­
out the trapping field due to space charge effects and focus­
ing aberrations.
Neutral reactant densities are kept low enough that 
multiple ion-molecule collisions are improbable. Product 
ions and unreacted primary ions drift to the end of the octo­
pole, are extracted from it, mass analyzed with a quadrupole 
mass filter, and detected by secondary electron scintillation 
and pulse counting electronics. The reaction cross sections 
are derived directly from the reactant and product ion inten­
sities, the gas cell pressure, and the estimated reaction path 
length.25 The relative uncertainty of the cross sections at 
different energies and for different reactions is within 5% for 
cross sections greater than 1X 10“ 17 cm2 and is limited by 
statistical counting uncertainties for smaller cross sections. 
The uncertainty in the absolute magnitude of the cross sec­
tions is limited mainly by the gas pressure measurement and 
by the estimate of the reaction path length. We estimate that 
the error in the absolute cross sections from all sources is 
±  20%.
Ion sources
Two different ion sources are used in these experiments. 
The first is a conventional low-pressure electron impact ioni­
zation source, which has been described previously.25 Ad­
ams, Smith, and Alge22 have shown that low-pressure elec­
tron impact ionization produces a statistical mixture of 
K r+ ( 2P j ), i.e., an ion beam with twice as much 2/>3/2 ground 
state as 2P U2 excited state, and the present experiments con­
firm this (see below). The electron energies are kept below 
27.5 eV, the threshold for forming higher excited states of 
K r+ .
Ion beams with enhanced populations of one of the spin- 
orbit states are produced using a high pressure coaxial ion 
source. This source is modeled after the design of Bowers 
and co-workers34 and is described in detail elsewhere.35 
Electrons from a filament or ions from a separate electron 
impact ion source are injected into a 2 cm long drift region 
which contains a relatively high pressure (50 to 500 mTorr) 
of a reactant gas or gas mixture. In the case of injecting elec­
trons, ions are formed by electron impact inside the drift cell. 
The ions undergo numerous collisions with the bath gas 
while being drawn through the cell by a weak electric field (1 
to 5 V cm-1) towards an exit aperture. The collisions serve 
to thermalize the ions translationally. The reactant gas mix­
tures may be varied to utilize ion-molecule reaction se­
quences which produce the desired ion species.
Kr+(2Pd) spin-orbit state selection
Several groups have reported the use of state-specific 
ion-molecule reactions to produce spin-orbit state-selected 
K r+ ( 2P j ) ions.21-23,26 These methods take advantage of 
large differences in the thermal reaction rates of the 2P3/2 
and 2P\i2 states with various reactant gases. We use appro­
priate reactions both to produce ions in a selected spin-orbit 
state and to diagnose the spin-orbit population of the ion 
beam. The specific reactions used for these purposes are dis­
cussed next.
To produce ion beams of primarily K r+ (2/>3/2), mix­
tures of Kr and CO are used in the drift cell. Ions are made by
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injecting electrons into the drift cell with electron energies of 
less than 35 eV. Following electron impact ionization of ei­
ther Kr or CO, the ions are thermalized by collisions and 
undergo the following charge transfer processes:
K r+ (2P3/2) +  C O ^C O + +  K r - 0.014 eV, (4)
k5
K r+ (2/}1/2) +  CO->CO+ +  Kr +  0.66 eV. (5)
The forward and reverse rates of the near-resonant charge 
transfer process with ground state K r+ are k4 =  2.0 X 10“ 10 
and k _4 =  5.1X 10“ 10, respectively, while the nonresonant 
charge transfer with the 2P i/2 krypton ions is slow, 
ks =  2.8 X 10“ 11 (all rates in units of cm3 s_l and at 300 
K ).22 Since the reverse of reaction (5) is endothermic, it 
does not occur under the drift cell conditions. The fast rate 
coefficient k _4 ensures that the equilibrium mixture of K r+ 
ions produced will be greatly enhanced in the 2P 3/2 ground 
spin-orbit state. Also, sufficient collisions occur for reaction
(5) to deplete the 2P i/2 ions formed initially by electron im­
pact.
To produce ion beams consisting primarily of the 
K r+ (2/,1/2) excited spin-orbit state, we take advantage of 
the very large difference in rates of the spin-orbit states for 
charge transfer with nitrous oxide: 
______________________________________________________ I
The reaction of the 2P3t2 state to form CH3+ is endothermic 
by about 0.4 eV, so that process is not allowed at low ener­
gies. Other reaction channels, formation of KrH+, KrCH2+ , 
and KrCH3+ , have much smaller cross sections and can be 
neglected.37 Based on the above reaction rates,22 the fraction 
f j  of the spin-orbit state K r+ ( 2P j ) can be determined from 
the product ion intensities/(CH3+ ) and/(CH4+ ) according 
to the formula
/i/2 =  1 - A n  =  /(CH3+ )/0.9[/(CH3+ ) +  /(CH + ) ] .
(9)
The reaction rates used to derive formula (9) apply to ther­
mal conditions at 300 K; however, measurements of the 
cross sections for reactions (7) and (8) in this lab show the 
value obtained from formula (9) is independent of energy 
from thermal energies up to 0.2 eV. This is because the ener­
gy dependence of reaction (7) is very similar to that of the 
total cross section for reaction (8) and because the branch­
ing ratio for reactions (8a) and (8b) is constant over this 
energy range.38 At higher energies, the endothermic forma­
tion of CH3+ from Kr + ( 2P3/2) alters these relationships. In 
routine determinations of the K r+ ion beam spin-orbit state 
populations for these experiments, the CH3+ and CH4+ 
product intensities are measured at 0.10 eV c.m. (0.64 eV 
lab). This energy is well below the ~0.4 eV threshold for 
formation of CH3+ from Kr + (2P3 /2). A  complicating aspect 
in the measurement of the CH3+ /CH4+ branching ratio is
The rates constants22 are k6( 2P3/2) =  4.0X 10“ 10 and 
A;6(2/>i/2) =  1-5X 10_u . In mixtures of Kr and N 20  in the 
drift cell, the 2P3/2 state of K r+ is depleted rapidly by reac­
tion (6), while the 2P 1/2 spin-orbit state reacts away at a 
much slower rate. This results in ion beams with predomi­
nantly K r+ ( 2P 1/2).
In some of the experiments, K r+ ions produced by elec­
tron impact were injected into the drift cell containing CO or 
N zO (rather than injecting electrons into the drift cell con­
taining a mixture of Kr and the reactant gas). Collisions 
with the reactant gas thermalize the ions translationally and 
reactions (4), (5), and (6) determine the final spin-orbit 
state population of the ions extracted from the drift cell. 
Either method—injection of ions or of electrons—gives sim­
ilar spin-orbit state selectivity.
K r + ( 2Py ) +  N 20 - * N 20 + +  K r .  (6 )
Spin-orbit state determination
In order to determine the spin-orbit state population of 
the K r+ beam, diagnostic reactions are measured in the re­
action cell of the beam guide apparatus. The reactions of 






the occurrence of the rapid secondary reactions CH4+ 
+  CH4-»CH  + +  CH+ and CH + +  CH4^ C 2H + +  H2. 
Ambiguities due to these processes are avoided by measuring 
the CH4+ and CH3+ product intensities at a number of meth­
ane pressures (0.02 to 0.3 mTorr in the reaction cell) and 
extrapolating to zero pressure.
The spin-orbit state determination verifies that the low 
pressure electron impact source with an electron energy of 
28 eV or less produces a statistical population of spin-orbit 
states. In 12 measurements over the course of about a year, 
the spin-orbit population determined by the procedure de­
scribed above gave the average value f 3/2 — 0.684, with a 
standard deviation of 0.026. This is in good agreement with 
the expected value for a statistical population of 
f 3/2 =  0.667. The standard deviation gives an indication of 
the uncertainty of the procedure, namely 2%-3%, although 
some of the apparent run-to-run deviation may be real.
The drift cell ion source conditions are optimized to pro­
duce the desired spin-orbit state of K r+ by monitoring the 
CH3+ /CH4+ product ratio for reaction with CH4. The con­
ditions which may be varied are the total pressure in the ion 
source drift region, the relative pressures of reactant gases, 
the electron or ion injection energy, and the electric field in 
the drift region. It has proven possible to make Kr + {2Pj) 
ion beams of better than 95% purity of either spin-orbit 
state. Before and after each measurement of the cross sec­
tions for reactions (1) through (3), the CH3+ /CH4+
K r+ ( 2P3/2) + C H 4 - C H  + + K r +  1.3eV, k =  l.O x  lO "10, 
K r+ (2P1/2) + C H 4 - C H +  +  Kr +  2.0eV, A: =  0 .1 x 1 0 -10 
- >C H 3+ +  H  +  Kr +  0.3 eV, k =  0 .9x  10-10.
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branching ratio for reaction with methane at 0.1 eV c.m. is 
measured to determine the spin-orbit state population. If the 
spin-orbit state population according to formula (9) 
changed during the course of an experiment by more than 
two or three percentage units, that set of results was discard­
ed. That situation ocurred rarely, however, and could be 
attributed to changes in the ion source pressures or other 
source conditions.
The accuracy of the state population determinations is 
substantiated by the self-consistency of the results for reac­
tions (1) through (3) with different initial state popula­
tions. The cross sections (see Results section) at a given 
energy depend linearly on the measured state populations, as 
must be the case for a two-component mixture of ions. The 
cross section data at each relative energy for three or four 
different spin-orbit state mixtures are extrapolated to obtain 
cross sections for the pure 2P3/2 and 2P U2 reactant ions. 
However, since we are able to make ion beams of greater 
than 95% spin-orbit state purity, the extrapolations make 
relatively small corrections to the spin-orbit effects which 
are apparent in the raw data for the nearly pure K r+ ( 2P j ) 
beams.
Isotopic reactants
Commercially supplied H2 and D2, 99.99% purity, is 
used. HD gas has been synthesized by standard methods.39 
Its purity was confirmed by mass spectrometric and by Ra­
man spectroscopic analyses. The HD is greater than 96% 
pure, with approximately equal amounts of H2 and D2 im­
purities.
The initial magnetic mass spectrometer on the ion beam 
guide apparatus25 has limited mass resolution and passes 
small amounts of krypton isotopes other than the desired 
one. In order to avoid problems with isotopic overlap with 
hydride and deuteride products, the highest-mass stable 
krypton isotope, 86Kr (17.4% natural abundance), is used 
in all of the experiments reported here.
Interaction energies
The absolute kinetic energy of the ion beam is measured 
to within +  0.10 eV lab [ +2.3, +4.5, and +3.4meVc.m. 
for reactions (1), (2), and (3), respectively ] by utilizing the 
octopole itself as a retarding energy analyzer.25 The ion 
beam energy and its distribution is determined by fitting a 
Gaussian distribution to the retarding energy curve. The ion 
sources described above produce ion beams with typical en­
ergy spreads of 0.2 full width at half-maximum.
The laboratory ion energies, 2slab, are converted to no­
minal center-of-mass frame energies, Ec m , via the usual sta­
tionary target assumption25:
=£iab • m / ( M  +  m) , (10)
where M  is the ion mass and m is the target molecule mass. 
The range of energies accessible to the beam guide apparatus 
is E lab =  0.1 to 800 eV. The thermal motion of the hydrogen 
target molecules creates a distribution of relative interaction 
energies for each nominal center-of-mass energy Ec m .25,40 
The mean relative energy of this distribution is given by
{ E ) = E c,m, +  ( y i ) y k BT,  (11)
where y  =  M  / ( M  +  m ) and T  is the target gas temperature 
(305 K ). The energy distribution approaches a Boltzmann 
distribution at very low ion energies, with an effective tem­
perature =  yT. With increasing ion energy, the width of 
the distribution increases as E 1/2, but becomes much nar­
rower than a thermal Boltzmann distribution with the same 
mean energy. The spread in the ion beam energy is generally 
negligible in comparison to the energy spread caused by the 
target gas motion. The effect of the relative energy distribu­
tions on the apparent cross sections of exothermic reactions 
is described in more detail in our report on the A r+ +  H2 
reaction.25
RESULTS 
Statistical Kr+(2P) cross sections
Results using a K r+ (2.P,) ion beam with a statistical 
mixture of spin-orbit states, 2P3/22P\ /2 ~  2:1, will be present­
ed first in order to point out the major features of the excita­
tion functions and to compare the present work with pre­
vious results. In the following discussion, we will use the 
notation K r+ ( 2P ) ,  i.e., without the subscript J, to designate 
krypton ion beams with a statistical population of spin-orbit 
levels.
Kr+(2P ) +  H2
The cross section for reaction (1) with a statistical pop­
ulation of krypton ion spin-orbit states is presented in Fig. 1.
ENERGY (eV. Lob)
FIG. 1. Cross section for reaction (1) with a statistical mixture of 
K r+ (2P j) spin-orbit states. The present results (small points) are plotted 
as a function of the ion kinetic energy in the laboratory frame (upper scale) 
and the center-of-mass frame (lower scale). Each point represents an aver­
age of several determinations. The vertical error bars indicate ±  2 standard 
deviations. The large open circles reproduce the data of Hierl and co­
workers (Ref. 30). The broken line gives the collision cross section predict­
ed by the LGS model.
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The plot shows the cross section vs the laboratory ion energy 
and the center-of-mass frame energy in electron volts. Un­
less noted otherwise, all further references to energy are to 
the center-of-mass frame energy. The data shown represent 
averages of several measurements made over a period of 
months. Vertical error bars show ±  2 standard deviation of 
all of the averaged results and thus indicate the reproducibil­
ity of the measurements. The experimental uncertainty of 
the absolute magnitude of the cross section is ±  20%. Simi­
lar uncertainties apply to all of the cross section results.
At energies below about 0.5 eV, the cross section (Fig. 
1) varies with collision energy approximately as E ~ 0 5, as 
predicted by the LGS model for the orbiting collision cross 
section for an ion-induced dipole potential.28 However, the 
magnitude is about seven times smaller than the LGS cross 
section (Fig. 1). From about 0.5 eV up to about 1.5 eV, the 
cross section declines at a significantly faster rate with in­
creasing energy, a <x E  ~ 12 ± 2. At higher energies, a second 
feature is evident. The cross section peaks at about 6 eV, then 
declines rapidly at higher energies.
Hierl and co-workers30 measured the cross section for 
reaction (1) over the range of 0.04 to 3 eV. Their results are 
shown in Fig. 1 for comparison. The agreement in both mag­
nitude and energy dependence is quite good considering the 
differences in instrumentation.41 Our values are within the 
quoted 50% uncertainty of Hierl’s data. Unpublished results 
of Klein33 and Fennelly42 also are in general agreement with 
the present results. The high energy feature of the cross sec­
tion for this reaction and reactions (2) and (3) was first 
reported by Klein.33
K r+( 2P ) +  H2, D2, HD: Intermolecular Isotope effect
Figure 2 compares the total cross sections for K r+ ( 2i°) 
reacting with H2, D2, and HD. There are significant differ­
ences in the cross sections for the three isotopic reactants. 
The relative behavior of the cross sections at low energies is 
very similar, but the magnitudes differ. The ratio of cross 
sections ct(H2): cr(HD ): a ( D 2), where cr(HD) denotes the 
sum of the KrH + and KrD + channels of reaction (3), is 
approximately 1.0: 1.8: 0.8 below 0.1 eV. This result is 
counter to the usual expectation that the cross sections 
should be identical when compared on the center-of-mass 
energy scale. In the analogous reactions of argon ions, the 
cross sections are in fact identical within experimental un­
certainty.25 The ordering of the cross sections, 
(r(HD ) > tr( H2) > cr( D2), is also unusual and indicates that 
the intermolecular isotope effect is not simply a mass effect.
All three isotopic reactions exhibit the second feature at 
higher energies. The shape and magnitude of the high energy 
feature is very similar for reactions (1) and (2), but the 
feature has a different shape for reaction (3). This effect will 
be discussed further below.
For comparison with rate measurements of the intermo­
lecular isotope effect, our low energy cross sections can be 
converted into thermal rate constants by integration over a 
Boltzmann distribution of translational energies. We have 
described the detailed procedure previously.25 Comparison 
of rate constants derived from the guided ion beam cross
FIG. 2. Comparison of experimental cross sections for reactions (1), (2), 
and (3) with a statistical mixture of K r+ (2P j) spin-orbit states, plotted as a 
function of the ion kinetic energy in the center-of-mass frame. The solid line 
represents the sum of the K rH + and K rD + product channels for reaction 
(3). The broken line gives the collision cross section predicted by the LGS 
model.
sections for the A r+ +  H2 reaction with a number of other 
experimental determinations demonstrated that accurate 
thermal rate constants may be obtained by these methods.25 
The derived rate constants for 300 K  are compared with 
literature results in Table I. The intermolecular isotope ef­
fect is given by the ratios of rate constants 
&(H2):&(HD):fc(D2) =  1.0:1.4:0.6. In contrast, simple col­
lision theory predicts ratios of 1.0:0.82:0.71 due to the mass 
effect on relative collision velocities (assuming identical 
cross sections). The present results agree well with the ther­
mal rate constant measurements of Bowers and co­
workers,29 who obtain ratios of 1.0:1.6:0.50, and less well 
with Adams, Smith, and Alge (ASA ),22 who find
1.0:2.1:0.9. While the rate constants for reaction (1) ob­
tained by all researchers are in good agreement (Table I), 
there are discrepancies for reactions (2) and (3). In particu­
lar, the rate constants obtained by ASA for reactions (2) and 
(3) are up to a factor of 2 higher than those obtained by us 
and by Bowers and co-workers.28 Nevertheless, the unusual 
ordering of the intermolecular isotope effect is reproduced in 
all three experiments.
K r+(*P ) +  HD: Intramolecular Isotope effect
The individual KrH+ and KrD + product cross sections 
for reaction with HD are shown in Fig. 3. The intramolecu­
lar isotope effect is also presented in Fig. 4 as the branching 
ratio <7(KrH+ )/[<r(KrH+ ) +  cr(KrD+ )],  which illus­
trates the dramatic changes in the isotope effect as a function 
of energy. At the lowest energies, the reaction makes ~46% 
KrH+, in very good agreement with the thermal rate con­
stant measurements.22,29 The isotope effect reverses at Ec m 
ss 0.030 eV,43 above which the KrH+ product is favored.
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ENERGY (eV. L M
FIG. 3. Cross sections for the individual K rH + and K rD + product chan­
nels of reaction (3) with a statistical mixture of K r+ (2P j) spin-orbit states. 
The cross sections (small points) are plotted as a function of the ion kinetic 
energy in the laboratory frame (upper scale) and the center-of-mass frame 
(lower scale). The sum of the two channels is represented by the solid line. 
The broken line gives the collision cross section predicted by the LGS mod­
el. From left to right, the arrows indicate the apparent thresholds for the 
2P3/2 high energy feature for K rD + and KrH + and the spectator stripping 
model critical energies for K rD + and KrH + (Table II).
ENERGY (eV. Lab)
FIG. 4. Isotopic branching ratio for reaction (3) presented as the fraction of 
K rH + product. The experimental ratio (small points) is plotted as a func­
tion of the ion kinetic energy in the laboratory frame (upper scale) and the 
center-of-mass frame (lower scale). The large open circles are the data of 
Hierl and co-workers (Ref. 30). The dashed line is the prediction of the 
orientation isotope effect model (Ref. 32). From left to right, the arrows 
indicate the apparent thresholds for the 2P2/2 high energy feature for K rD + 
and K rH + and the spectator stripping model critical energies for K rD + 
and K rH + (Table II).
The branching ratio peaks at 75% KrH+ at about 0.6 eV, 
then falls again. In the region of the second feature of the 
total cross section, the branching undergoes further large 
swings, bottoming out at about 20% KrH+ at 4 eV, then 
rising until KrH+ predominates again above 10 eV.
Hierl and co-workers30 measured the intramolecular 
isotope effect for reaction (3) over the energy range 0.08 to
3.1 eV. Their results are plotted in Fig. 4 for comparison 
with the present data. The agreement is excellent. Unpub­
lished results of Klein33 and Fennelly et al.42 are also in gen­
eral agreement with the present data.
Spin-orbit state-selected Kr+ (2P j )  cross sections
Figure 5 displays the spin-orbit state dependence of the 
cross sections of reaction (1). The raw data (lines) are 
shown for Kr + (2PS) ion beams with spin-orbit state popula­
tions of 96.4 +  2% 2P 3/2 and 95.4 +  2% 2P U2 as well as a 
statistical mixture. The points represent these data and two 
other runs extrapolated to pure spin-orbit states at each en­
ergy. Figure 5 demonstrates that the extrapolations make 
rather minor corrections to the large spin-orbit effect al­
ready apparent in the raw data. The extrapolations have a 
somewhat higher uncertainty in regions where one spin-or- 
bit state is much less reactive than the other.
Figures 6 and 7 show the spin-orbit state-selected cross 
sections for reactions (2) and (3). For these, only the ex­
trapolated cross sections are shown. The quality of the raw 
data is similar to that shown in Fig. 5.
ENERGY (eV. Lab)
FIG. 5. Spin-orbit state-selected cross sections for reaction (1) plotted as a 
function of the ion kinetic energy in the laboratory frame (upper scale) and 
the center-of-mass frame (lower scale). The solid lines represent the experi­
mental data for K r+ (2P,) beams with 96.4 +  2% J =  3/2 (top), a statisti­
cal population of spin-orbit states (~67% J  = 3/2, middle), and 
95.4 +  2% J  =  1/2 (bottom). The points show these data extrapolated at 
each energy to pure spin-orbit state cross sections. The broken line gives the 
collision cross section predicted by the LGS model. The arrows indicate the 
apparent threshold for the 2P3I2 high energy feature (left) and the spectator 
stripping model critical energy (right).
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ENERGY (aV. Lob)
FIG. 6. Spin-orbit state-selected cross sections for reaction (2) plotted as a 
function of the ion kinetic energy in the laboratory frame (upper scale) and 
the center-of-mass frame (lower scale). The broken line gives the collision 
cross section predicted by the LGS model. The arrows indicate the apparent 
threshold for the 2P} n  high energy feature (left) and the spectator stripping 
model critical energy (right).
ENERGY (eV. Lob)
FIG. 7. Spin-orbit state-selected cross sections for reaction (3) plotted as a 
function of the ion kinetic energy in the laboratory frame (upper scale) and 
the center-of-mass frame (lower scale). The data are the sum of the K rH + 
and KrD + product channels. The broken line gives the collision cross sec­
tion predicted by the LGS model.
Low energies
At the lowest energies, the 2P3i2 ground spin-orbit state 
reacts about 2.6 times faster with H2 and with D2 than does 
the 2Pi/1 excited state. For reaction with HD, a (2Pil2) /  
a ^P\i2)~4.2 below 0.5 eV. Thus, the spin-orbit effect is 
significantly larger for HD than for either the H2 or the D2 
reactions.
The energy dependence of the excitation functions of the 
individual spin-orbit states at low energies is similar but not 
identical ( Figs. 5,6, and 7). At the lowest energies, the exci­
tation functions for the H2, D2, and HD (total) reactions for 
both spin-orbit levels have approximately the E ~ l/2 depen­
dence predicted by the LGS model. There is no evidence of 
an activation energy barrier for any of the reactions. At mo­
derately higher energies, the 2Pl/2 cross section declines 
somewhat more rapidly with increasing energy for D2 than 
for H2 or HD.
The 2P 3I2 spin-orbit state exhibits a strong intermolecu­
lar isotope effect. At the lowest energies, 
a{  H2) :cr( HD ) \a{ D2) s  1,0:2.0:0.7 for K r+ (2P3n) reactant 
ions. The LGS model predicts equal cross sections for all 
three reactions when compared at the same center-of-mass 
energy. For the 2Pl/2 state, the intermolecular isotope effect 
ratio is about 1.0:1.2:0.8 below 0.1 eV. Thus, the unusual 
intermolecular isotope effect for statistical K t + { 2P )  ob­
served in the cross sections at low energies ( Fig. 2) and in the 
rate constants (Table I ) is due largely to the anomalous high 
reactivity of the 2P3/2 spin-orbit state with HD. The intermo­
lecular isotope ratios for the H2 and D2 reaction cross sec­
tions for either spin-orbit state and for all three isotopic reac­
tions for the 2Pt/2 state are much smaller.
The intramolecular isotope effect for the 2P3/2 ground 
spin-orbit state is essentially the same as shown in Figs. 3 and 
4 for statistical K r+ ( 2P ) .  Due to its much smaller cross sec­
tion magnitude, the intramolecular branching ratio for the 
2PU2 state tends to be obscured by the small fraction of 2P3/2 
present in the ion beam. Qualitatively, it appears that the 
intramolecular isotope effect for the 2Pi/2 spin-orbit state is 
about the same as for the 2P3/2 state below 0.5 eV. At higher 
energies, the direction of the isotope effect is the same for 
both spin-orbit states, but the 2P U2 state appears to have a 
weaker isotope effect (i.e., branching ratios closer to 50%) 
than the 2P3/2 state.
Rate constants derived from these cross sections may be 
compared to the spin-orbit state-selected thermal rate con­
stant measurements of Futrell and co-workers21 for reaction
(1) and of Adams, Smith, and Alge (A S A )22 for all three 
isotopic reactions. These results are presented in Table I. 
The spin-orbit state-specific rate constants are in reasonably 
good agreement for reaction (1). For reactions (2) and (3), 
the present rate constants for the 2P1/2 state are in good 
agreement with ASA, but for the 2P3/2 state ASA’s rate con­
stants are 60%-70% larger than ours. Thus, the discrepan­
cies noted above for the statistical rate constants are mainly 
due to the larger value ASA obtain for 2P 3/2 relative to our 
results. The ratios of rates for the spin-orbit states also reflect 
these differences (Table I). The largest deviation is for the 
HD reaction, where ASA obtain a value of k{ 2-^>3/2)/ 
k (2Pi/2) =  9.4, compared to our result of ~4.2. However,
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there is agreement that the spin-orbit state effect is substan­
tially larger for reaction (3) than it is for reactions (1) or 
(2).
2P3/2  high energy feature
The feature at higher energies in the mixed-state cross 
sections is shown by the spin-orbit state-selected results to be 
due exclusively to the 2P3/2 ground state. The 2P U2 excited 
state cross sections decline monotonically with increasing 
energy. This behavior is observed for all three isotopic reac­
tions (Fig. 5, 6, and 7). The pronounced difference in the 
high-energy behavior of the two spin-orbit states is a striking 
result. It indicates that not only do the spin-orbit states ex­
hibit different relative probabilities of reaction, but also that 
they undergo different reaction mechanisms.
The apparently endoergic feature of the 2P3/2 state peaks 
at 1.2 A 2 at about 5.9 eV for H2 and at 0.9 A 2 at about 6.4 eV 
for D2. At the peak of the endoergic feature, the a ( 2P 3/2) /  
a ( 2P U2) ratio reaches a maximum of about 15 for D2 but 
only about 6 for H2. This reflects the observation that the 
2P i/2 cross section for reaction (2) declines more rapidly 
with increasing energy than for reaction (1). The HD en­
doergic feature has a different shape than H2 or D2 as a result 
of a strong intramolecular isotope effect in this region. Near 
the “ threshold” for the high-energy feature, the KrD+ prod­
uct is very strongly favored, while the peak of the KrH+ 
product is shifted to higher energies. The cr(2P i n ) / a ( 2P U2) 
ratio for the total cross section with HD reaches a maximum 
of about 8 at about 5 eV.
Because the high energy features overlap with the lower 
energy cross sections, it is not possible to extract definitive 
threshold energies for the apparently endoergic processes. 
Nevertheless, we can attempt a rough “deconvolution” by 
extrapolating the declining cross section from lower energies 
and subtracting that from the total cross section. Figure 
8(a) shows the results of this procedure. It should be empha­
sized that the deconvolution is strictly empirical and some­
what arbitrary. The scatter in the base line below the appar­
ent thresholds gives an indication of the uncertainty 
involved in the deconvolution procedure. The apparent 
threshold energies exhibited by these deconvoluted excita­
tion functions are given in Table II and are also indicated by 
arrows in Figs. 3 to 6. The apparent threshold for the KrD + 
product from HD is less certain than for the other reactions 
because the feature merges with the low-energy part of the 
cross section. The shoulder near the threshold for reaction 
(3b) is probably an artifact of the deconvolution. It is clear 
however, that the apparent threshold energy for the KrD * 
channel of reaction (3) is much lower than for the KrH + 
channel. The threshold energies for reactions (1) and (2) 
are the same and are intermediate between the two channels 
of reaction (3). The peaks of the features exhibit similar 
energy shifts [Fig. 8 (a)]. These energy shifts for the HD 
product channels are the cause of the extreme intramolecu­
lar isotope effects observed above 1 eV (Fig. 4).
DISCUSSION
The pronounced spin-orbit effects and unusual isotope 
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FIG. 8. High energy feature of the K r+ ( 2P }/2) cross sections for reactions 
(1), solid circles; (2), open circles; (3a), solid triangles; and (3b), open 
triangles. The cross sections are empirically deconvoluted from the low en­
ergy cross sections as described in the text, (a) Cross sections as a function 
of the center-of-mass frame energy; (b) cross sections as a function of the 
pairwise interaction energy, Eq. (12). The arrow in part (b) indicates the 
spectator stripping model critical energy (Table II).
Kr+ ( 2P j ) with H2, D2, and HD indicate that the underlying 
reaction dynamics are complex. A  full understanding of 
these effects requires knowledge of the potential energy sur­
faces of the KrH2+ system including spin-orbit coupling. 
Quantitative information about these surfaces is limited, but 
the major features can be pieced together from molecular 
orbital and electronic state correlations and analogies with 
other rare gas/hydrogen systems. We will first consider the 
asymptotic charge states and energetics of the system (in the 
absence of spin-orbit effects), then molecular orbital and 
electronic state correlations between reactants and products, 
and finally the role of spin-orbit coupling.
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TABLE II. Threshold and peak energies (eV) o f2P3/2 high energy feature.
Reactant
(BC)b
Threshold Peak E ‘
c.m.c p.w.d c.m. p.w. c.m. p.w.
h 2 1.5 ±0.2 0.8 ±0.1 5.9 3.1 8.1 4.1
d 2 1.4 ±0.2 0.7 ±0.1 6.4 3.3 8.0 4.1
HD 2.4 ±  0.3 0.8 ±0.1 8.2 2.8 12.0 4.1
DH 0.7 ±  0.3 0.5 ±0.2 4.4 3.0 6.1 4.1
“ Product dissociation threshold. 
b Atom transferred in reaction is underlined. 
c Center-of-mass frame energy, Eq. (10). 
d Pairwise interaction energy, Eq. (12).
Asymptotic [Kr +  H +  H]+ states
Figure 9 shows the asymptotic potential energy 
curves44"*6 for [K r +  H2] + reactants and [KrH +  H] + 
products, neglecting spin-orbit coupling. The energy levels 
of the curves in the [K r +  H +  H ]+ separated atom limit 
are offset by the 0.40 eV difference in the ionization poten­
tials of Kr (13.999 eV) and H (13.595 eV).20 The lowest 
energy state of reactants is K r+ (2/>) +  H2, which dissoci­
ates to K r+ +  H +  H. The charge transfer state, Kr +  H2+ , 
lies 1.43 eV above ground state K r+ ( 2P )  +  H2 and dissoci­
ates to Kr +  H + +  H. The two curves cross since in the 
separated atom limit K r+ +  H +  H lies higher than 
Kr +  H + +  H (Fig. 9). On the product side, the asymptotic 
dissociation limit for ground state K r H ( '2 )+ H  is 
Kr +  H + +  H, while the K r+ +  H +  H configuration 
leads to repulsive excited states of KrH+ . These separated 
atom limits thus indicate that K r+ +  H2 reactants correlate 
diabatically (i.e., while conserving electronic configuration) 
with the excited product states. Ground state products cor­
relate diabatically with the Kr +  H2+ charge state of reac­
tants.
Figure 10(a) depicts the diabatic electronic state corre­
lations between the asymptotic reactant and product states. 
Diabatic correlations are drawn as lines connecting the elec­
tronic states of reactant (left side) with the electronic states
of products (right side). Since there have been no calcula­
tions or spectroscopic observations of the excited states of 
KrH+, the ordering of those states is uncertain and the cor­
relations are not definitive. The K r+ ( 2P )  +  H2( ‘2 ) reac­
tants probably correlate diabatically with the doublet com­
ponents of KrH+ (32,3II) -(- H (25'), as shown. Figure 10(a) 
illustrates that there is no diabatic path between ground state 
reactants and products. In this simple diabatic correlation 
scheme, therefore, K r+ +  H2 reactants cannot form ground 
state products directly. As Kuntz and Roach originally 
pointed out,46 K r+ +  H2 reactants must cross over to the 
Kr +  H2+ charge state in order to reach ground state 
KrH+ +  H products.
Molecular orbital and electronic state correlations
Further examination of the interaction between the 
asymptotic charge states of [K r +  H +  H ]+ requires consi­
deration of the electronic structure of the reactants. Ma­
han47 has discussed molecular orbital and electronic state 
correlations for rare gas ion/hydrogen reactions. As 
K r+ [s2p5 ] approaches an H2 molecule approach along the z 
axis, there are three possible orientations of the p orbital with 
the lone electron with respect to the H2 molecule. For con­
venience, we will use Kuntz and Roach’s46 designation of 
these orientations as Px,Py, and Pz “ states,” although they
FIG. 9. Schematic asymptotic potential 
energy curves for the [K r +  H -I- H ]+ 
system. The curves on the left represent 
the energies as a function of r(H -H ) 
with r(K r-H 2) =  oo; the curves on the 
right represent the energies as a function 
of r(K r-H ) with r(K rH -H ) =  » . The 
asymptotic energies shown are for the 
K r+ (^3/2) spin-orbit state; the dashed 
line shows the potential energy curve for 
[K r+ (2/ >,/2) +  H2( ‘2 ) ] for compari­
son.
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KrH*('l) ♦ H(2S) Ki H *('I) + H(2S) KrlTt'J) + H(2S,)2)
(a) (b) (c)
FIG. 10. Electronic state correlation diagrams for reaction (1) in Cs symmetry. The three diagrams show (a) diabatic and (b) adiabatic correlations 
neglecting spin-orbit coupling, and the (c) adiabatic correlations in the large spin-orbit coupling limit. Energy levels of [K r +  H2] + reactant states are 
shown on the left-hand side of each diagram; [K rH  +  H ]+ product states are on the right. The energy levels are not to scale.
are more properly identified by the M L and M s quantum 
numbers.48 In the Pz and Px states, the half-filled p orbital 
lies in the plane of the three nuclei and is oriented along ( Pz ) 
or perpendicular to ( Px ) the K r+-H 2 axis. In the Py state, 
the half-filled p orbital is perpendicular to the plane.
Molecular orbital considerations suggest that the least 
repulsive orientation of the reactants is a near-collinear Pz 
approach. This is because the half-filled pz orbital can mix 
with the empty o j  antibonding orbital of hydrogen, thus 
weakening the H-H bond and promoting formation of the 
KrH+ bond, while the filled p orbitals are directed away 
from the line of approach. The Px and Py states have a pz 
orbital with two electrons, which places three electrons in 
the KrH+ bonding orbitals and therefore leads to repulsive 
excited states of KrH+.
The Pz and Px orientations are symmetric with respect 
to reflection in the plane of the three nuclei and therefore 
form a 2A ' surface in Cs symmetry. Py is antisymmetric with 
respect to reflection in the plane and forms a 2A " surface. 
The K r ( ‘5) +  H2+ (22 ) charge state of reactants and 
ground state KrH+ ( 12 ) +  H (2S) products both form 2A ' 
states, which diabatically correlate with each other. The cor­
relation curves in Fig. 10 are labeled according to the Cs 
symmetry groups. Crossings of surfaces which have the 
same symmetry and will therefore be avoided are designated 
in Fig. 10(a) by circles at the intersections of the diabatic 
correlation curves. Figure 10(b) shows the resulting adiaba­
tic correlations (still neglecting spin-orbit interactions). 
Figure 10(b) shows that there is an adiabatic path between 
ground state reactants and ground state products. Based on 
the molecular orbital considerations above, we have pre­
sumed that it arises from the Pz state. The other two states,
2A "(,Py ) and 2A ' ( P X), and also the Kr +  H2+ charge state 
lead adiabatically to repulsive product states.
It should be made clear that the energies of the potential 
energy surfaces along the reaction path are not known; the 
correlations in Fig. 10 merely connect reactant and product 
states of the correct symmetry. The absence of an energy 
threshold in the experimental cross sections, however, indi­
cates that the lowest adiabatic surface has no overall energy 
barrier. Apparently, the crossing between the two charge 
states occurs at an energy below that of ground state 
K r+ +  H2 reactants. This is possible since the approach of 
the reactants is initially attractive due to the r~4 ion-induced 
dipole potential. Since KrH2+ is at most weakly bound and 
the reaction is just 0.3 eV exothermic, it is expected that the 
lower adiabatic surface is fairly flat along the reaction path.
Kuntz and Roach46 approximated a potential energy 
surface for KrH2+ by scaling their diatomic-in-molecules 
(D IM ) calculations for ArH2+ . This surface predicted an 
energy barrier on the order of 0.4 to 1.2 eV arising from the 
avoided crossing in the entrance channel for collinear 
K r+ +  H2 reactions. The analysis of differential elastic scat­
tering of H2+ on Kr by Henglein etal.3Hb) also indicated an 
energy barrier, ~0.6 eV, for formation of KrH2+ from 
K r+ ( 2P3/2) +  H2. The preponderance of experimental evi­
dence since then, both the magnitude of the thermal rate 
constant49 and the lack of a threshold in the low-energy cross 
sections, excludes the possibility of an energy barrier of this 
magnitude. The failure of the DIM surface is perhaps not too 
surprising considering it was not calculated explicitly for the 
KrH2+ system. Kuntz and Roach’s DIM surface46 also ne­
glects spin-orbit effects entirely, although it is possible to 
include spin-orbit coupling in the DIM formulation.48'50
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Fennelly42 has pointed out that the validity of the elastic 
scattering results may be suspect because the results were 
analyzed with a two-body instead of a three-body potential 
energy function and because the efiFect of the charge transfer 
reaction on the nonreactive scattering was not considered. In 
light of the correlations shown in Figs. 9(a) and 9(b), how­
ever, it is also possible that the elastic scattering is sensitive 
to the avoided crossings between the 2A ' surfaces. If this is 
the case, the Kr-H2+ well depth determined by Henglein et 
fl/.3,(b> would refer to an excited state surface of KrH2+ and 
not to the ground state surface.
It is interesting to compare the K r+ +  H2 system with 
A r+ +  H2.25 In the argon reaction, the two charge states 
have very similar energies and are strongly mixed upon ap­
proach of the reactants. The avoided crossing between these 
diabatic surfaces occurs at large separations of the reactants, 
4 to 5 A, along a seam orthogonal to the H-H vibrational 
coordinate.46 Since the Ar +  H2+ charge state has a lower 
energy asymptotically than the A r+ +  H2 state, the avoided 
crossing is accessible to low energy A r+ +  H2(d =  0) reac­
tants. Trajectory surface hopping calculations51 on the 
ArH2+ DIM surface46 show that A r+ +  H2 collisions can 
lead to products directly via the lower surface, or via nona- 
diabatic transitions between the adiabatic surfaces. Such 
nonadiabatic transitions are enhanced by vibrational motion 
in the H-H direction.
In contrast to the argon system, the two [K r +  H2] + 
asymptotic charge states are separated by a much larger en­
ergy than in the argon system and the Kr +  H2+ state has a 
higher energy than K r+ +  H2 reactants (Fig. 9). For kryp­
ton, therefore, the asymptotic crossing occurs at a higher 
energy and at H-H bond distances corresponding to vibra- 
tionally excited hydrogen (above v =  2 for H2, v =  3 for 
HD, and v =  4 for D2). Although the energy barrier predict­
ed by the DIM surface does not exist, the coupling of the 
charge-state surfaces is probably less efficient and more lo­
calized compared to the argon system. Thus, there may be 
steric or dynamic restrictions on reactive trajectories, which 
would explain the small cross sections relative to the LGS 
collision cross section at low energies. The reaction H2+ 
+  Kr—»KrH+ +  H, on the other hand, is very efficient. Its 
rate equals or exceeds the LGS collision rate.21,52 Apparent­
ly, the diabatic path from Kr +  H2+ to products [Fig. 
10(a) ] is very efficient.
Spin-orbit effects
Assuming that the three degenerate states of reactants 
are populated statistically, only one-third of the initial colli­
sions of reactants will end up on the adiabatic surface leading 
to ground state products [Fig. 10(b) ]. Nonadiabatic transi­
tions between the surfaces are also possible, but before con­
sidering such effects it is desirable to discuss the role of spin- 
orbit coupling.
The excited 2P1/2 spin-orbit state of K r+ lies about half­
way between the 2P3/2 ground state and the charge transfer 
state, as shown by the dashed potential energy curve in Fig. 
9. The asymptotic crossing with the Kr +  H2+ charge state 
occurs at a lower energy relative to reactants for 2P 1/2 than 
for 2P 3/2* This energy effect alone might be expected to cause 
a difference in behavior for the two spin-orbit states. A  naive 
conclusion would be that it would be easier for the 2P m  state 
to cross over to the Kr +  H2+ state, which then leads diabati- 
cally to products. That, however, is contrary to the experi­
mental result that the lower spin-orbit state is more reactive 
at all energies than the upper spin-orbit state.
Two spin-orbit coupling schemes will be considered: the 
small spin-orbit limit and the large spin-orbit limit.53 Dagdi- 
gian and co-workers12 have recently discussed related con­
siderations in their work on spin-orbit state-specific reac­
tions of Ca( 3P j ) .  In the small spin-orbit coupling limit, 
molecular orbital (electrostatic) interactions between the 
ion and approaching hydrogen molecule exceed the spin- 
orbit interaction. In this case, the orientational effects dis­
cussed above would remain important—namely, only the Pz 
approaches would react. Spin-orbit coupling, however, 
mixes the Px, Py, and Pz states. Instead of being equally 
likely, the flux to the2A ' ( P z) , 2A " (Py ) , o t 2A ' { P x ) surface 
depends on the initial spin-orbit state of the reactant ion. 
Table III gives the correspondence between the asymptotic 
spin-orbit states and the linear combinations of the KrHH+ 
states.19,48 Neglecting possible mixing among the 2Pj,m 
states, the resulting flux from each spin-orbit state to the Pz 
state is (2/3) 1/2for 2P 3/2, ± 1/2, none for 2P i/2y ± 3/2, and (1/ 
3 )1/2 for 2P 1/2, ± i/2 - Assuming only the Pz orientation 
reacts, the 2P ll2 reactivity is enhanced by a factor of 21/2 or 
about 40% over that of 2P3/2- This argument was used in a 
model developed by Koyano and co-workers19 to explain 
their spin-orbit state-selected cross section results for the 
A r+ i2P j )  +  H2 and D2 reactions. The result is in qualita­
tive agreement with the experimental results for Ar + { 2P j ) 
+  H2 and D2, for which the spin-orbit splitting is 0.17 eV, 
but is in the wrong direction for the present results for 
K r+ +  H2. The relatively large spin-orbit splitting for K r+, 
0.67 eV, means that the small spin-orbit coupling limit may 
not be applicable.
In the large spin-orbit coupling limit,54 the spin-orbit
TABLE III. Asymptotic electronic states and energy levels.
Asymptotic state KrH H + state Cs symmetry Energy (eV)
K r+ (2/>3/2,± I/2) + H 2( '2 ) VT76( P ,  ± p y) +  J m p z 2A ' 0.0
K r+ (J/ >3/2,± 3/2) +  H2( ‘2) VT72 ( Px ± P y) 2A " 0.0
K r+ ( 2P 1/2 ± ,/2) +  H2( '2 ) J W i ( P x ± P y) - f t i l P z 2A ' 0.67
K r+ ( ‘5) +  H2+ (22) 2A ' 1.43
K rH + ( ‘2) +  H (2S 1/2,± 1/2) 2A ' -0 .2 9
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coupling is comparable to or larger than the molecular orbi­
tal interactions of the approaching reactants. In this case, the 
electronic states are mixed by the spin-orbit coupling in all 
regions of configuration space, creating new adiabatic elec­
tronic surfaces. Since the adiabatic correlations between 
reactants and products for these new surfaces differ, the ini­
tial spin-orbit states of the reactants strongly influence the 
products or product states formed in a reaction. Figure 
10(c) shows the adiabatic electronic state correlations in­
cluding spin-orbit coupling. The ntj =  ±  1/2 components 
of the 2P3/2 state correlate with the lowest 2A ' state upon 
approach of H2, while the nij =  ±  3/2 components corre­
late with the 2A " state. The excited 2P 1/2 spin-orbit state of 
krypton has only =  ±1/2 components and correlates 
with the upper 2A ' state. Ground state products 
KrH+ ( '2 )  + H (25,1/2) have m}  =  ±  1/2 and correlate 
with the2A ' state emanating from K r+ ( 2P 3/2 ± l/2) +  H2. 
The 2P 3/2, ± 3/2 and 2P  \/2, ± l/2 spin-orbit levels lead adiaba- 
tically to excited products.
Reaction mechanisms
The adiabatic correlations in Fig. 10(c) allow several 
conclusions to be drawn regarding the relative reactivity of 
the spin-orbit states. I f  the reactants are initially on the low- 
est-energy2A ' surface, ground state products can be formed 
directly along the adiabatic surface. This reaction pathway 
can account for the reactivity of Kr + ( 2i >3/2) at low energies. 
Statistically, 50% of the incident 2P3/2 ions (those with nij 
=  ±  1/2) would be on this surface. The experimental 2P3/2 
cross sections are 20% of LGS for H2, 13% for D2, and 29% 
for HD. The observation that the cross sections are signifi­
cantly smaller than 50% of the LGS collision cross section 
probably indicates that there are further dynamic constric­
tions along the reaction path. This could be the case if only 
certain orientations are able to reach the barrierless pathway 
to the avoided crossing with the Kr +  H2+ charge state. 
Hierl’s differential cross secton results up to 1 eV (which our 
spin-orbit state-selected cross sections show are about 75% 
due to the 2P3/2 spin-orbit state) indicate that the reaction 
proceeds mainly by low-impact parameter, hard-sphere like 
collisions. This is consistent with the molecular orbital con­
siderations which indicate that collinear approaches may be 
favored.
I f  the reactants are initially on the second 2A ' surface 
originating from Kr+ (2P1/2) +  H2, ground state products 
can be formed only via nonadiabatic transitions to the lower 
surface. Nonadiabatic transitions between surfaces of the 
same symmetry (i.e., 2A ' to 2A ') can be induced by the mo­
tion of the nuclei (translational, vibrational, or rotational). 
Details of the two2A ' surfaces are not known in the present 
case, but the interaction between them may be sufficient to 
allow nonadiabatic transitions from the upper surface down 
to the reactive surface. In-plane rotational motion of the H2 
can induce such nonadiabatic transitions by mixing the Pz 
and Px states, for which the p orbitals with the unpaired 
electrons lie in the plane. The 2P in spin-orbit state already 
has components of the Px and Pz states (Table III). This 
nonadiabatic transition mechanism could be responsible for 
the reaction of the Kr + ( 2P in ) spin-orbit state at low ener­
gies. It is consistent with the observation of a relatively small 
reaction probability for this process, about 6% to 8% of 
LGS below 0.5 eV. This suggests that the transition prob­
ability is low but significant. The observation that the 2/>, /2 
cross section has approximately the E ~ U2 energy depen­
dence predicted by the LGS collision model implies that this 
nonadiabatic transition probability is independent of kinetic 
energy at low energies.
The 2A " state of reactants, which emanates from 
K i + ( 2P 3/2' ±3/2 ) +  H2, cannot undergo ordinary nonadia­
batic transitions to the reactive 2A ' surface. Physically this is 
because the out-of-plane orbital responsible for the ,4 " sym­
metry cannot mix with the in-plane orbitals via nuclear mo­
tion in the plane of the three nuclei. The only mechanism for 
transitions from A "to ,4 ' symmetry is Coriolis or rotational­
ly nonadiabatic coupling.55 This can occur when high rota­
tional velocities of the collision plane of the reactants cause 
the electrons to “ lag” out of the plane.56 Coriolis coupling is 
proportional to r~2, where r is the distance of closest ap­
proach.55 Since r decreases with increasing collision energy, 
Coriolis coupling effects may appear as a process with an 
activation energy.56
We hypothesize that nonadiabatic transitions induced 
by Coriolis coupling is the mechanism responsible for the 
high energy feature of the K r+ (2/>3/2) cross sections. The 
experimental evidence is largely circumstantial: (1) The 
2P3/2 state exhibits two distinct features while the 2P U1 state 
shows only one. This suggests that the two rrij components 
of the 2P 3 j2 state might be responsible for different behavior.
(2) The high energy feature clearly has an apparent activa­
tion barrier. As discussed above, this could be the result of a 
Coriolis coupling effect. (3) The impulsive reaction dynam­
ics evident from the isotope effects (discussed further be­
low) is consistent with a process that occurs only at high 
velocities and small impact parameters. Other possible ex­
planations for the high-energy 2P3/2 feature can be excluded:
(1) There are no excited state product channels accessible at 
energies low enough to account for the apparent threshold 
energy of the feature, even allowing for radiative transitions 
to the ground state. (2) An impulsive reaction process 
which manifests an apparent energy barrier (say, sequential 
collisions or a knockout process) is a conceivable explana­
tion for the high energy process, but a strong spin-orbit state 
dependence would not be expected for a solely dynamic ef­
fect. These considerations lead us to believe that Coriolis 
coupling is a reasonable explanation for the observed en- 
doergic feature. Theoretical work will be required to deter­
mine whether the approximate 1 eV apparent activation en­
ergy is sufficient or appropriate for Coriolis-induced 
transitions and whether the transition probability would be 
sufficient to explain the magnitude of the cross sections.
Intramolecular isotope effect at low energies
An orientation isotope effect model was developed by 
Hierl32 to explain the branching ratio of reaction (3) at low 
and intermediate energies. The basic assumption of the mod­
el is that the atom transferred is the one that is directed 
towards the ion when the system surmounts the centrifugal 
barrier on the ion-induced dipole potential or when it crosses
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to the K r+ +  HD charge state. The orientation probability 
is influenced by the collision energy, the HD rotational ener­
gy, and the torque exerted on HD by the ion due to the 
displacement of the center-of-polarizability from the center- 
of-mass of HD. The branching ratio predicted by the orien­
tation isotope effect model is plotted in Fig. 4 for comparison 
with the data. The agreement, although not quantitative, is 
quite good considering the simple assumptions employed in 
the model. The model predicts a much weaker isotope effect 
for the A r+ +  HD reaction, which is in qualitative agree­
ment with the experimental results.25 The main difference 
between the two systems is that the crossing to the other 
charge state of reactants occurs at much larger distances for 
argon. This gives K r+ +  HD a longer time to orient in the 
model.
At very low energies, the orientation isotope model pre­
dicts that the deuteride product should be favored, although 
it strictly breaks down when there is enough time for reorien­
tation after crossing the centrifugal barrier. An alternative 
explanation of favoring the deuteride product at low ener­
gies is statistical behavior of the system. This is because the 
KrD+ vibrational and rotational levels are more closely 
spaced than those of KrH+. The K r+ +  HD system does 
not have a deep well to support a very long-lived intermedi­
ate, but the collision complex may last for several vibrational 
periods. This may be all that is required for statistical behav­
ior. A  simple statistical treatment57 predicts cr(KrH+ )/ 
£7-(KrD+ ) ~ 2 “ 1/2 or a branching ratio of 41.4% KrH+ . 
This is in reasonable agreement with the experimental value 
of ~46% KrH+ at the lowest energies.
Intermolecular isotope effect at low energies
The intermolecular isotope effect at low energies is an 
intriguing phenomenon, particularly the a (H D )><r(H 2) 
> <7-(D2) ordering. The electronic potential energy surfaces 
are the same for reactions (1), (2), and (3). The primary 
mass effect is the difference in relative energies for a given 
velocity of reactants for the three isotopic systems. This ef­
fect is taken into account by the conversion of the data to 
relative (center-of-mass frame) energies according to Eq.
(10). Secondary mass effects can be due to the different vi­
brational and rotational energy levels and spacings of H2, 
HD, and D2 and of the KrH+ and KrD+ products. In a 
process that behaves statistically, the formation of a particu­
lar channel depends on the density of states. However, the 
density of rotational and vibrational states increases from H2 
to HD to D2, so this argument cannot explain the observed 
isotope dependence.
Symmetry effects represent another possibility to ac­
count for the intermolecular isotope effect. Since HD is het- 
eronuclear, the K r+ +  HD reactants have lower symmetry 
in perpendicular configurations than K r+ +  H2 or D2. 
However, these reactions are expected to favor collinear ap­
proaches, where there is no difference in symmetry group. 
Neither is there a difference in Cs configurations.
An energy resonance between specific vibrational/rota­
tional levels of two reactant channel charge states could en­
hance transitions between the two states. In the krypton sys­
tem there are no close resonances between asymptotic
vibrational states (with zero rotational energy) for reactions 
(1), (2), and (3) for either spin-orbit state. In fact, the ener­
gy defects are largest for the HD system, which has the lar­
gest cross section. Furthermore, the Kr +  H2+ charge state 
is 1.43 eV higher in energy than K r+ +  H2 reactants, so 
asymptotic energy resonances can play no role at low colli­
sion and vibrational energies. It is possible that vibrational 
or rotational resonances influence transitions between sur­
faces at closer separations of the reactants. Not enough is 
known about the potential energy surfaces to warrant specu­
lation on this point.
A  final possible explanation for the larger HD cross sec­
tions involves the displacement of the center-of-mass from 
the center-of-polarizability in HD. As Hierl discussed in his 
orientation model for the intramolecular isotope effect,32 
this displacement causes the ion-induced dipole attractive 
force to exert a torque on the HD molecule. This anisotropy 
of the potential energy surface could couple rotational and 
electronic degrees of freedom in the entrance channel of re­
action (3) and thus influence the ability of the K r+ +  HD 
reactants to pass through the avoided crossing with the 
KR  +  HD+ charge state. This interaction is absent in the 
reactions of homonuclear H2 and D2.
Isotope effects at high energies
In the region of the 2P3/2 high energy feature, the ex­
treme intramolecular isotope effects (Fig. 4) indicate that 
the reaction mechanism is direct and impulsive. Extreme 
isotope effects similar to these have been seen in other sys­
tems recently in our laboratory. Specifically, the reactions 
Mn+ (7S),58 Fe+ (6Z>),59 and He+ ( 2S) and Ne+ f P )60with 
HD also show the general behavior that the deuteride prod­
uct is very strongly favored near the threshold of a process 
and the hydride appears at higher energies if at all. As in the 
present case, the apparent threshold energies for the reac­
tions with H2 and D2 are the same, but fall at an energy 
intermediate between the thresholds of the two channels for 
reaction with HD. These reactions have an additional com­
mon denominator—they all exhibit activation barriers to re­
action which can be explained by electronic structure con­
siderations. This isotope behavior can be understood by an 
impulsive reaction mechanism in which the atoms interact in 
a pairwise fashion. The energy available to binary atomic 
interactions depends on the mass of the atom the ion first 
encounters. For a general reaction A  +  BC 
—»AB +  C, where the primary interaction is between atoms 
A  and B, the conversion between the true center-of-mass 
frame energy Ecm and the pairwise energy EP is given by59
E P =  i?c.m. • M  • mB/ ( m A +  mB) ■ (mB +  mc ) , (12)
where m, refers to the mass of atom / and 
M  =  mA +  mB +  mc . The pairwise interaction energy is al­
ways less than Ec m . For heavy atomic reactants, mA >m B 
and mA >mc , EP is approximately 1/2, 1/3, 2/3, and 1/2 
Ec m for reaction with H2, HD (B =  H), HD (B =  D ), and 
D2, respectively. Thus, for a pairwise interaction the avail­
able energy for the individual channels of the HD reaction is 
very different from each other and from H2 and D2.
The 2P 3/2 high-energy features, deconvoluted as de­
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scribed in the results section, are plotted on the pairwise 
energy scale in Fig. 8(b). Table II compares the apparent 
threshold and peak energies on the center-of-mass and pair­
wise energy scales. For reaction with HD, it is assumed that 
atom B in Eq. (12) is the atom transferred in the reactions. 
These comparisons demonstrate that the apparent thresh­
olds and peaks for the 2P3/2 high energy feature of reactions 
(1), (2), and (3) all coincide on the pairwise energy scale. 
[The threshold for reaction ( 3b) is a possible exception, but 
as noted in the Results section the “deconvolution” of this 
channel is very uncertain.] This correspondence supports 
the hypothesis of a pairwise atomic interaction mechanism.
Above a certain collision energy, the nascent product 
diatom can acquire excess internal energy and subsequently 
dissociate. The thermochemical threshold for the lowest-en- 
ergy dissociation reaction, K r+ +  H2—vKr +  H + +  H, is
4.1 eV. I f  this energy must be supplied in a pairwise interac­
tion process, Eq. (12) gives the corresponding center-of- 
mass frame energy required for product dissociation. This 
energy, Es, is listed for each reaction channel in Table II and 
is indicated by arrows in Figs. 3, 4, 5, 6, and 8(b). K rH ' 
formation should decline with the onset of product dissocia­
tion, and in fact Es lies just slightly above the peaks of the 
high-energy feature for reactions (1), (2), (3a), and (3b).
Es is identically equal to the critical product dissocia­
tion energy in the familar spectator stripping model. Specta­
tor stripping is a special case of pairwise impulsive behavior 
in which additional assumptions are made regarding the dis­
tribution of product translational and internal energies. In 
true spectator stripping, the cross sections would fall to zero 
at the critical energy. The formation of products above the 
critical energy indicates that more energy goes into product 
translation than predicted in the extreme stripping limit. 
Measurements of the differential reactive scattering cross 
sections for HD would further elucidate the reaction dynam­
ics of the high-energy process. Unfortunately, the differen­
tial cross sections results30 only extend up to 3 eV c.m. They 
do show increasing impulsive behavior at the higher energies 
studied. There is still substantial wide-angle scattering,30 
which also indicates that more energy is distributed into 
translational modes than in the stripping model.
Is the Coriolis coupling effect used to explain the exis­
tence of the 2P 3/2 high energy process compatible with the 
pairwise, impulsive reaction mechanism proposed here? 
Theoretical calculations may be required to answer this 
question definitively. Nevertheless, it seems reasonable that 
high velocity, low impact parameter collisions which lead to 
close approaches of the reactants and Coriolis-induced tran­
sitions to the reactive electronic surface would also exhibit 
the very impulsive reaction dynamics which are indicated by 
the isotope effects of the high energy feature.
SUMMARY
Spin-orbit state-selected cross sections have been mea­
sured for the hydrogen atom transfer reactions of K r+ ( 2P j ) 
with H2, D2, and HD. At low energies the ground 2P3/2 spin- 
orbit state reacts about 2.6,2.6, and 4.2 times faster than the 
excited 2P i /2 spin-orbit level for H2, D2, and HD, respective­
ly. A  process with an apparent activation energy of about 1 
eV is observed exclusively for the 2P3/2 spin-orbit state.
These results have been provisionally explained in terms 
of adiabatic correlations of the electronic states of the reac­
tants and products and by nonadiabatic coupling mecha­
nisms between the states. The =  +1/2 components of 
ground 2P3/2 spin-orbit state correlate adiabatically to 
ground state products, while the mj  =  +  3/2 components 
lead adiabatically to repulsive, excited products. The experi­
mental results show that the 2P3/2 state reacts without a bar­
rier at low energies, but at less than 1/3 the collision cross 
section. The small reaction probability is partly due to the 
nonreactivity of the nij =  ±  3/2 component of the 2P 3/2 
spin-orbit level at low energies. In order to reach ground 
state products, the K r+ +  H2 reactants must pass through 
an avoided crossing with the Kr +  H2+ charge state in the 
entrance channel. Molecular orbital considerations suggest 
near-collinear and low impact parameter collisions are fa­
vored in the coupling of these surfaces. These orientational 
effects may further reduce the reaction probability.
The 2P i/2 upper spin-orbit level of krypton ion reactant 
does not correlate with ground state products, but nonadia­
batic transitions induced by nuclear motion may allow reac­
tion. This accounts for the small cross section for this state 
(6% to 8% of the collision cross section). The ntj =  ±  3/2 
components of the ground spin-orbit cannot undergo nor­
mal nonadiabatic transition to the reactive state because 
they are of different symmetry ( A "  vs A ' ) .  The high-energy 
feature of the 2P3/2 cross section may be due to reaction of the 
2A " state via rotational nonadiabatic or Coriolis transitions 
to the 2A ' state.
The K r+ +  H2 reaction system exhibits strong inter- 
and intramolecular isotope effects. At low energies, it may be 
possible to understand the intramolecular isotope effect by 
statistical or orientational models. The intermolecular iso­
tope effect arises primarily from the observed enhanced re­
action probability of the 2P3/2 state with HD at low energies. 
The origin of this intermolecular isotope effect is uncertain. 
In the region of the 2P3/2 high energy feature, extreme inter- 
and intramolecular isotope effects suggest the reaction 
mechanism involves impulsive, pairwise interactions 
between the atoms.
The reactions studied here display a number of intrigu­
ing features, including strong spin-orbit effects and unusual 
isotope effects. We hope these results will encourage theo­
retical work on this system.
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